M ost cancer researchers would agree that ''most if not all cancer cells contain genetic damage that appears to lie at the heart of tumorigenesis'' and ''there is little doubt that the genetic paradigm dominates research on cancer'' (1). However, there is good reason to believe that there is another fundamental aspect of cancer that is as important as genetic change in determining the actual growth of a tumor, but has received much less attention in recent years. That aspect concerns the selective conditions that underlie the development of tumors from cells that carry the requisite oncogenic mutations, but otherwise remain dormant.
Cancer-Related Mutations Without Neoplastic Expression
These conditions first came to light in classical studies on the mechanism of carcinogenesis in the skin of mice treated with polycyclic aromatic hydrocarbons (PAHs). Repeated painting of the skin with a carcinogenic PAH for more than 8 weeks is required for papillomas to appear subsequently, and an even longer period is required for carcinomas to ultimately develop (2, 3) . However, a single application of the carcinogen followed by repeated application of an agent that is itself not carcinogenic in most mouse strains will produce tumors (4) . The single application of carcinogen is called initiation, and the repeated application of the noncarcinogenic agent is known as promotion. The promoting agent can be started shortly after initiation with a high yield of tumors, or 1 year later with a general decrease in tumor yield, but that leaves unmistakable evidence of the persistence of the initiated effect (5) . The early onset of initiation and its long persistence are characteristic of mutations and are generally interpreted as such. In contrast, interrupting the promotional treatment for an extended period before it is completed returns the skin almost to its original postinitiation state (6) , although more quickly responsive to reestablishment of promotion (7) . Without promotion there is no tumor formation. The physiological changes of promotion include terminal differentiation of most of the epidermal keratinocytes, releasing the initiated cells, which escape differentiation, to multiply and form papillomas (8, 9) .
The differential effect of promotion on normal and initiated epidermal cells implies that, in the absence of promotion, the normal basal keratinocytes suppress the neoplastic development of the initiated cells. That implication was borne out in cell culture by the partial inhibition of colony formation by initiated cells when seeded in an excess of keratinocytes in sufficient calcium (10) , and of papilloma formation in skin grafts with a similar excess of keratinocytes (11) . There was no inhibition of epidermal carcinoma cells in two-dimensional cultures, but early stage carcinoma cells were inhibited in three-dimensional organotypic cultures of skin (12) . A role of selection is also seen in experimental carcinogenesis of the liver in rats in which the promoting agent is toxic to normal hepatocytes, thereby allowing the formation of nodules by those hepatocytes that had been rendered resistant to the promoter by prior initiation with carcinogen (13, 14) . That conclusion is reinforced by the normalization of transplanted aneuploid rat hepatocarcinoma cells distributed as solitary cells among the liver cords (15) . The stages of initiation and promotion have been identified in the development of mammary adenocarcinoma and many other neoplasms of animals and humans (6) . The process may therefore be considered as a general characteristic of carcinogenesis.
There is evidence that spontaneously initiated cells occur in the normal epidermis of the SENCAR line of mice, which has been selected for sensitivity to skin carcinogenesis (16) . Long-term repetitive treatment of uninitiated skin of this line with the strong promoter 12-Otetradecanoylphorbol 13-acetate (TPA) produced papillomas and even carcinomas in some mice; most of the tumors harbored a mutation in a specific codon of the Ha-ras oncogene (17) . It appears that the promoters drove the expansion of clones bearing a spontaneous mutation of the Ha-ras gene to papilloma formation, which provided the opportunity for further mutations and progression to carcinomas.
Similarly, the repetitive painting of the Oslo strain of uninitiated hairless mice with TPA led to tumors in about one-fourth of them in 4 months (18) . Because TPA is nonmutagenic in mammalian cells (19) , and does not require metabolic activation for its promoting effect in mouse skin (20) , it was surmised that the tumors arose by promotion of spontaneous mutations in the epidermis (3). These results take on great significance in view of the evidence that most human cancers arise from selection of cells with spontaneous tumor-related mutations (21) . The extended periods of time required for the appearance of tumors by repeated promoter treatment of uninitiated skin suggests that there are intermediate stages that precede tumor formation. That would be consistent with genetic reconstruction of a hereditary form of human colorectal cancer associated with mutation of mismatch repair genes. The reconstruction shows that 90% of the mutations that ultimately contribute to tumor development involve clone sizes below a threshold of clinical detection (22) . Therefore, this occult prologue to visible neoplasia is much longer than generally appreciated.
The initiation phase of two-stage chemical carcinogenesis in mouse skin can be replaced by infecting the epidermis with the activated v-ras gene of the mouse sarcoma virus (23) . The mere establishment of the v-ras gene was insufficient to produce any tumors, but when establishment was followed by repeated painting with TPA, papillomas appeared in almost all of the mice. The latent period for papilloma appearance in these mice was considerably shorter than for those initiated with a carcinogenic PAH. This shortening of time to papilloma appearance was thought to reflect the higher levels of expression of the mutated ras genes driven by viral gene promotion than are observed in chemically induced tumors associated with activated ras genes. The TPA treatment was equally effective begun immediately after the virus was introduced or 4 months later, showing that the activated ras alone could persist for extended periods without any sign of neoplastic expression.
Mutations in chromosomal regions associated with human mammary cancer were found in histologically normal breasts of one-half of the women examined (24) . The presence of such lesions does not necessarily lead to cancer even many years later (25) . The finding of about 100 mutations and large genomic rearrangements in every cell of the small intestine and other organs of young normal mice, with more than a 3-fold increase of their number in old mice (26, 27) , is a guarantee that cancer-related mutations are common, but neoplastically dormant in normal tissues. Skin fibroblasts from people genetically predisposed to colorectal cancer became tumorigenic when grown in the presence of TPA (28), consistent with the initiated state of the cells. Numerous examples have been given of specific mutations of the ras oncogene in chemically induced tumors in which the mutation had arisen spontaneously and was selected rather than induced by the treatment (29) .
Studies on Neoplastic Suppression and Selection in Cell Culture
The foregoing results established that cancer-related mutations exist without neoplastic expression in normal tissues unless physiological changes are brought about that elicit tumors. However, detailed analysis of the dynamics of neoplastic suppression and selection were limited in an organism. Development of an assay for transformation of cells in culture by Rous sarcoma virus (RSV) (30) opened up the quantitative study of transformation, which led to the genetic era of cancer investigation (1) . An early finding in the study of RSV-induced transformation of chicken fibroblasts was that the addition of newly transformed cells to a confluent, contactinhibited culture of chicken fibroblasts would result in the morphologic normalization of the RSV-transformed cells and inhibition of their proliferation (31) . Transformed focus formation of RSVinfected cells was suppressed by substituting fetal bovine serum (FBS) for calf serum (CS) in the medium, or raising the concentration of the latter, but suppression was effective only when the infected cells were surrounded by normal cells (32) . Mammalian fibroblasts transformed by polyoma virus were also inhibited by contact with a quiescent layer of mouse fibroblasts (33) . That was also true for mammalian fibroblasts irradiated with UV, but continuous treatment with TPA brought on focus formation (34, 35) . These and other studies with fibroblasts showed that transformed fibroblasts could be inhibited by contact with quiescent normal fibroblasts, but the single-step expression of transformation did not reveal intermediary aspects of the process. These studies did not explore whether the suppressive capacity of cells could be altered. These deficiencies were eventually overcome in studies of spontaneous transformation in culture.
Spontaneous transformation was first encountered in untreated controls during experiments on chemical carcinogenesis of mouse fibroblasts in culture (36) . Spontaneously transformed cells capable of producing sarcomas in mice began to appear after 4 months in culture and continued occurring over a 4-year period of investigation (37) . It was also observed in epithelial cells from liver, kidney, epidermis, and parotid gland (38) . A key observation was that mouse fibroblasts repeatedly seeded and maintained at high density to maximize contacts between cells became tumorigenic in syngeneic mice, whereas those subcultured at low density to minimize contact did not (39) . The onset of tumorigenicity in the cultured cells was accompanied by an increase in their saturation density. It was implied that the highdensity cultures selected for cells with the capacity to overcome contact inhibition and thereby drive tumorigenesis. In retrospect, this finding seems to present a paradox because cell-cell contact interactions in different situations either suppress or select the neoplastic phenotype.
A related experiment was done with a diploid line of rat liver epithelium, which was either maintained at confluence for extended periods of time at each passage to maximize selection or subcultured more frequently to limit selection (40) . Some cultures in both groups were also treated with a mutagenic carcinogen. The cells underwent spontaneous transformation much earlier under selective than nonselective conditions. Transformation was accelerated somewhat under nonselective conditions by treatment with the mutagenic carcinogen, but it did not approach the early onset of spontaneous transformation under selective conditions. It is apparent that selection was the dominant driving force in spontaneous transformation.
Neither of the above studies (39, 40) examined conditions for spontaneous transformation other than cell-cell contact, nor did they inquire about intermediate steps in that transformation or shed light on the dual consequences of cell-cell interactions noted above. An opportunity to approach these problems became available with the NIH 3T3 established line of cells that had originated from mouse embryo fibroblasts (41) . Spontaneous transformation was commonly encountered in this line in the form of foci of morphologically altered cells in confluent cultures (42) (43) (44) . The NIH 3T3 cells were of special interest because they were uniquely sensitive to transformation by transfection with DNA from some human cancers (45) . The sensitivity of the NIH 3T3 cells to transformation by the mutated ras gene from a human bladder cancer was widely interpreted to mean that the cancer resulted from mutation in that single gene and was the spark that set off intense search for causal mutations in human cancer. However, the common occurrence of spontaneous transformation in the target NIH 3T3 cells indicates they had already progressed to a preneoplastic state that required only the selective promotion of confluence for neoplastic expression. That view was reinforced by the appearance of large numbers of transformed foci when the cells were grown in a medium specially formulated to maximize clonal growth of mouse 3T3 cells (46) . The incidence of spontaneous transformation was then so high in the conventional 10% concentration of CS that it had to be reduced to 2% CS to eliminate such foci in a single round of confluence (1°assay). By thus raising the bar to transformation, it was possible to study various conditions that bring on transformation.
Alternative Conditions That Reduce or Promote Spontaneous Transformation
A 5-fold reduction of CS concentration slowed the exponential growth rate of the NIH 3T3 cells at low density only slightly, but it reduced their saturation density in direct proportion to the reduced CS concentration (47) . A few low-density passages (LDPs) in the low CS (2%) resulted in the appearance of transformed foci when the cells were tested at confluence (48) . In contrast, LDP in conventional high CS (10%) produced no increase in focus-forming capacity; indeed, the cultures exhibited a decrease in focus formation (Fig. 1) . Parallel LDPs in high FBS, which made only a minimal decrease in exponential growth rate (47) , eventually resulted in a large increase in transformed focus formation (Fig. 1) . Continued LDP beyond the formation of small light foci produced an increase in the size and density of the individual foci to a degree concordant with tumor-producing capacity (49) . Because no foci approaching such size and density had appeared in previous assays with fewer LDPs carried in high FBS, mutations must have been occurring continually to traverse the multiple steps required for such development. These mutations required selection under the slightly reduced growth rates in FBS to increase the number of target cells for the additional mutations necessary for progression to full tumorigenic capacity. Mutations must have been occurring at an even higher frequency per unit time under the maximal growth rate in high CS, but the lack of selection did not allow the increase in the collective target size required to accumulate the further mutations needed for progression to tumorigenic capacity. In fact, there was a gradual selection for cells resistant to spontaneous transformation. Clearly, a high rate of mutation without selection is insufficient to drive neoplastic transformation.
Selection for Resistance to Spontaneous Transformation and for Capacity to Suppress Growth of Contiguous Cells
Continued LDP at maximal growth rate in high CS over an extended period resulted in more than a 2-fold decrease in saturation density of the NIH 3T3 cells (50) . Those cells became refractory to spontaneous transformation even in three and four serial rounds of confluence (3°and 4°assays) (51, 52) . In addition, they suppressed focus formation when they were cocultured in large numbers with small numbers of fully transformed cells, for which they formed a confluent background. The suppression began only after the suppressing Fig. 1 . Effects of frequent LDP in CS or FBS on the capacity of cells for focus formation. NIH 3T3 cells were thawed and subjected to LDP three times a week either in 10% CS at a maximal growth rate or in 10% FBS with a 10 -15% reduction of maximal growth rate. After the indicated total number of days in LDP, aliquots of cells were assayed for focus formation in a 2°assay at confluence in 2% CS. Note that all of the assays of the cells that had been in LDP with 10% CS were seeded with 10 5 cells, as shown on the left. In contrast, only the first assay at 27 days of the cells that had been in LDP with 10% FBS used 10 5 cells, whereas all of the subsequent assays were diluted to 10 3 cells, as shown on the right, and cocultured with 10 5 non-focus-forming cells (50) .
cells reached confluence and small foci derived from the added transformed cells began to appear, but those beginning foci disappeared in the following few days (Fig. 2A) . In contrast, early foci formed in cocultures of the fully transformed cells on a confluent background of transformable cells continued to expand to form enormous foci. It would appear that the transformationresistant cells perform the same type of cell-cell suppression of fully transformed cells as did quiescent confluent cultures of normal freshly explanted chick embryo fibroblasts in contact with RSV-transformed fibroblasts (31) . In contrast, those NIH 3T3 cells that were themselves capable of undergoing spontaneous transformation at confluence allowed continuous expansion of colonies from fully transformed cells distributed in their midst.
To study an intermediate level of suppression, a clone of NIH 3T3 cells was chosen that produced large dense foci in two rounds of confluence (53) . Diluting these cells from the 2°assay with an excess of cells that were moderately refractory to spontaneous transformation resulted in a decrease in the size and density of foci from the former in a 3°a ssay (Fig. 2B) . The number of foci, however, remained as expected from the cell dilution. The results indicated there are many degrees of susceptibility to transformation that are negatively correlated with the capacity to suppress focus formation by fully transformed cells.
Dynamics of Spontaneous Neoplastic Transformation
It is evident from the increasing size and density of foci generated by successive LDPs (Fig. 1) and from serial rounds of confluence (54) that there are intermediate degrees of focus formation. But such foci might be only the tip of the iceberg in view of the evidence that most of the mutations in human cancer occur in an occult stage before a tumor becomes clinically evident (22) . Increase in saturation density would serve as an accurate quantitative indicator of increased growth capacity of a cell population before focus formation, and the increase resembles the hyperplasia that is a preneoplastic change in experimental and human cancer (55) (56) (57) (58) . Evidence for progressive preneoplastic states came from a multilineage experiment with NIH 3T3 cells in which a primary round of confluence (1°assay) was done in low or high concentrations of CS to vary saturation densities, and therefore vary the total number of cell divisions in which mutations occur (59) . The cells were relatively refractory to spontaneous transformation in low CS, which would allow expression of preneoplastic stages of progression. The period of incubation in the 1°assay was also varied to account for the kinetics of change. After the 1°assay each of the lineages underwent serial 2°, 3°, and 4°assays, all in the same low CS to maintain constant conditions in which saturation densities were measured in each of the four groups, as shown in Table 1 . There were graduated increases of saturation density in the serial 2°, 3°, and 4°assays in each category, but the increases were much greater in those started from 1°assays in high CS than in low CS, in keeping with the much larger number of cell divisions and progressive mutations occurring in the 1°assay of the former under the constraint of confluence. In addition, the saturation densities of the serial assays increased significantly with length of incubation from 2 to 3 weeks in the 1°assays, although the total number of cells in the 1°assays showed only a small fractional increase in the extra week. That relationship indicates that the mutations accumulated in that fraction of cells that could continue multiplying after the majority population had become quiescent.
The major point of the experiment, however, was that the lineages started in low CS showed no transformed foci in the 2°and 3°serial assays, and only very small foci in the 4°assays (59) . Where there were progressive increases in saturation density, there were, in effect, extended periods of hyperplasia at high density with no or very little sign of clonal neoplasia in the form of transformed foci. A similar result appeared in the 2°assay of cells started in high CS for 2 weeks, but careful microscopic examination of the 2°assay cultures revealed uniform numbers from lineage to lineage of very small, light foci, indicative of selection of many variants capable of limited overgrowth. All these cultures with limited increases in saturation density but no clearly neoplastic foci resemble the preclinical hyperplasia recorded in experimental and human carcinogenesis (55) (56) (57) (58) .
The unique category started in high CS for 3 weeks had lineages that already showed transformed foci in the 2°assay (59). These would represent a telescoping of progressive transformation in the 2°assays which masks the intermediary steps of hyperplasia, just as they might not be readily apparent in histological examination of clinical tumors. Finally, the variance in saturation densities was very low where there were no large foci (Table 1) . Where the variances were high, they were associated with the appearance of cultures with many dense foci, which drove large increases in saturation density. The high variances are indicative of the rarity of cells that had accumulated enough mutations to progress to the type of dense foci identified with tumorigenic capacity (49) .
Correlating the in Vivo and in Vitro Evidence for Suppression and Selection of Neoplastic Development
The process of initiation and promotion in chemical carcinogenesis established unequivocally that cells with neoplastic potential could persist indefinitely within the tissue of origin without forming recognizably neoplastic lesions unless promotional treatment is brought to bear (4, 5) . With the advent of the molecular era of cancer investigation, many other types of evidence have reinforced this conclusion. It was of particular significance that Peter Brookes, coauthor of the first paper that reported covalent bonding of PAHs to DNA in the order of their carcinogenicity (60) , editorialized that many of the ras mutations found in experimental carcinogenesis are not induced by the carcinogenic treatment but result from selection of spontaneous mutations (29) . Selection has been inferred as the driving force in human cancer of the colon (61), skin (62, 63) , lung (64, 65) , and other tissues (21) .
Although it was long known that the neoplastic phenotype of transformed fibroblasts could be suppressed in cell culture by contact with an excess of normal fibroblasts (31, 33), it was not until parallel observations were made with papilloma cells and normal epidermal cells (10, 11) that the role of normal cells in suppressing tumorigenic proliferation of initiated cells became apparent. A particularly significant observation was that a line of epidermal cells exposed to carcinogen that behaved like initiated cells in vitro but formed normal epidermis in skin grafts had lost their capacity to suppress tumor formation by papilloma cells in mixed grafts (11) . This observation implies that the cells surrounding an incipient papilloma cell in initiated skin may have become more permissive for tumor development during promotion. Similarly, a line of immortalized but nontumorigenic human keratinocytes lost the capacity to suppress the growth of early stage carcinoma cells in three-dimensional organotypic cultures of skin (66) . The effect is simulated in the NIH 3T3 cultures during serial rounds of confluence, which raise the saturation density of the population and its permissiveness for transformed focus formation (Table 1) . It supports the idea of regional neoplasia in which large areas of a tissue exposed to carcinogen are involved in the neoplastic process although the tumors arise locally (67) . The process is strikingly exemplified after repeated paintings of rabbit ears with carcinogen, whereupon papillomas appear and disappear, with new ones continuing to appear for years after the paintings have ceased (68) .
Another source of decreased suppressive capacity of phenotypically normal cells is aging of the organism, as seen in the increased permissiveness of the rat liver with age for multiplication of transplanted rat hepatocarcinoma cells (15) . This permissiveness may be related to the marked increase with human age in the incidence of solid epithelial cancer. The number of mutations per proliferating cell increases more than 3-fold with age (27) , as does heterogeneity of cell cycle time (69) and of gene expression (70) , all of which are consistent with a reduction in the regulatory capacity of the entire population of the cells.
The contact interactions among cells that underlie neoplastic suppression and selection are mediated by the activity of the plasma membrane (71, 72) . They depend on the adhesion among cells that is responsible for contact inhibition of growth (73) but can be modulated by the growth-promoting activity of serum. A sharp lowering of the concentration of CS in confluent NIH 3T3 cells markedly diminishes transformed focus formation, whereas doing it to rapidly proliferating cells in LDP provides the selective conditions for transformation (59) . In other words, too steep a combined shutdown in cellular metabolism and growth is inhibitory to progressive selection, whereas the slight decrease in growth rate in LDP encourages selection. The choice between suppression and selection is conditionally dependent. However, epithelial cells in the organism are in continuous contact with one another, and no cells in the adult organism are in continuous exponential proliferation as they are in LDP cell culture. Therefore, cell-cell contact interaction is a crucial aspect of both suppression and selection in tumor development.
It was proposed by the pioneer molecular geneticist Rollin Hotchkiss that a fundamental feature of the living state is ordered heterogeneity (74) . The similar basic concept of macrodeterminism over microdeterminism grew out of studies of embryological development (75) . It was exemplified as ''order invariant at the cellular level relative to irregularity at the molecular level,'' and it generalized for all levels of biological organization as the first principle of a theory of organisms (76) . In keeping with the principle of ordered heterogeneity, there appears to be a breakdown in the ordering capacity of tissues with age, and with exposure to carcinogenic conditions (73). , beginning with a 1°assay in 2% and 10% CS, followed by 2°, 3°, and 4°a ssays, all in 2% CS 
Prospectus
Most of the insights about the role of cell-cell contact in suppression of neoplastic development have come from operational experiments with fibroblasts (31, 33) , epidermal cells (10, 11) , and liver cells (15, 77) . However, much remains to be done in this approach. Whereas neoplastic epithelial cells were suppressed by contact with homotypic epithelial cells but not with fibroblasts (10), it is not known whether heterotypic epithelial cells are suppressive. While epidermal cells in early stages of initiation have lost their capacity to suppress the growth of papilloma cells, it is not known whether direct treatment of normal epidermal cells by PAHs reduces their suppressive capacity. The suppressive capacity of normal cells for homotypic neoplastic cells needs to be determined in a larger variety of tissues. However, the well established capacity of fibroblasts to modulate neoplastic expression of transformed fibroblasts (Fig. 2) can be applied to determine whether it is correlated with the intrinsic susceptibility of mouse strains and of humans to cancer. It is noteworthy that fibroblasts of humans with inherited susceptibility to cancer exhibit increased sensitivity to transformation by various means in cell culture (78-82, †). Skin fibroblasts from patients with breast cancer and other neoplasms often display properties associated with neoplastic cells (83, 84) , suggesting those patients may be a susceptible minority of the population (85) . It would be of great interest to determine whether fibroblasts from cancer-resistant families have an increased capacity to suppress the neoplastic phenotype of spontaneously transformed NIH 3T3 fibroblasts, or have a decreased capacity for spontaneous transformation themselves.
Given that both suppression and selection are mediated by contact interactions at the plasma membrane, the molecular basis of those interactions needs further study. Promising results have recently been obtained in Drosophila on mutations in plasma membrane proteins that lead to malignancy of imaginal discs during larval development (86) . Those mutations disrupt polarity of epithelial tissue. Chronic activation of cellular protooncogene c-Myc during development of threedimensional organotypic mammary acinar structure in culture results in cellular hyperproliferation and transformed acinar morphology (87) . However, the same oncogene activation in preformed, mature, quiescent acini fails to initiate the cell cycle or transform the structures. The capacity of c-Myc to reinitiate the cell cycle in those acinar structures is restored by the loss of a cell polarity protein. The suppressive effects of stable acinar structures resemble those of the NIH 3T3 cells that become effective only after strong contact inhibition has been established (Fig. 2 A) . It would be of great interest to determine which plasma membrane proteins are functional in the suppression and selection of neoplastic development of the NIH 3T3 cells that have proved so amenable to analysis in culture. It should also help to account for the well established decrease in adhesiveness of neoplastic cells (88, 89) .
Spontaneous transformation of NIH 3T3 cells is highly dependent on the concentration of glutamine in the medium (90) . Glutamine not only is important in the synthesis of protein, nucleotides, and other molecules involved in nitrogen metabolism, but also is a major oxidative energy source for cells in culture (91, 92) . Caloric restriction is the most consistently observed tumor suppressive dietary modification and operates only on the promotion not the initiating stage of tumorigenesis (93) . Since spontaneous transformation is equivalent to promotion, it suggests that the former methodology may be useful in formulating a diet that is effective in the prevention of cancer.
